Context. The determination of stellar metallicity and its gradient in external galaxies is a difficult task, but crucial for the understanding of galaxy formation and evolution. Aims. The color of the Red Giant Branch (RGB) can be used to determine metallicities of stellar populations that have only shallow photometry. We will quantify the relation between metallicity and color in the widely used HST ACS filters F606W and F814W. Methods. We use a sample of globular clusters from the ACS Globular Cluster Survey and measure their RGB color at given absolute magnitudes to derive the color-metallicity relation. We especially investigate the scatter and the uncertainties in this relation and show its limitations.
Introduction
Measuring the metallicity and its gradients in galaxies is a key issue for understanding galaxy formation and evolution.
Outside the Local Group, spectroscopic metallicity determination of (resolved) stars is not feasible at the moment, except for the few very bright supergiants (Kudritzki et al. 2012) . At the same time, the number of available color magnitude diagrams (CMDs) of nearby galaxies is increasing rapidly, e.g. from the GHOSTS (Radburn-Smith et al. 2011) and ANGST (Dalcanton et al. 2009 ) surveys. These CMDs can be used to derive metallicities.
The color of the red giant branch (RGB) has long been known to depend on the metallicity (Hoyle & Schwarzschild 1955; Sandage & Smith 1966; Demarque et al. 1982) . This has been extensively used to measure metallicities of old populations.
There are many ways to convert the color to a metallicity: some authors define indices of an observed population, e.g. the color of the RGB at a given magnitude or the slope of the RGB, (as defined for example in Da Costa & Armandroff 1990; Lee et al. 1993; Saviane et al. 2000; Valenti et al. 2004) , while others measured metallicities on a star by star basis by interpolating between either globular cluster fiducial lines (e.g. Tanaka et al. 2010; Tiede et al. 2004) or analytic RGB functions (calibrated with globular cluster data, e.g. Zoccali et al. 2003; Gullieuszik et al. 2007; Held et al. 2010) or stellar evolution models (e.g. Richardson et al. 2009; Babusiaux et al. 2005) , and therefore generating metallicity distribution functions for a population.
Uncertainties that arise from a specific calibration or a given isochrone or cluster template set are typically not well studied.
Furthermore, an observational relation for the widely used HST ACS filters F606W-F814W is still missing in the literature 1 . Here we aim to address these shortcomings. This paper is organized as follows: After an introduction to the data and isochrones we use in chapter 2, an observational color metallicity relation is derived in chapter 3. A discussion and summary follow in chapters 4 and 5.
Data and Isochrones
In this work we use the data of 71 globular clusters observed as part of the ACS Globular Cluster Survey (ACSGCS; Sarajedini et al. 2007 ) and its extension (Dotter et al. 2011) . These data contain photometry in the F606W and F814W filters and is publicly available at the homepage of the ACSGCS team 2 . For the determination of photometric uncertainties and completeness, the results from artificial star tests are also available. A detailed description of the data reduction is given in Anderson et al. (2008) .
To compare the different clusters, it is necessary to transform the apparent magnitudes into absolute, reddening-free magnitudes. For this purpose, we use the distance modulus and color excess from the GC database of W. Harris (Harris 1996 (Harris , 2010 and the extinction ratios for the ACS filters given by Sirianni et al. (2005, Table 14 ). Metallicities, metallicity uncertainties and α-abundances are taken from Carretta et al. (2009 Carretta et al. ( , 2010 , if not stated otherwise. 1 Momany et al. (2005) actually have found such a relation, but they used only three clusters and did not publish the details. In order to measure the color of the clusters RGBs they must have a sufficient number of stars in the RGB region. We selected therefore only those clusters for our study, which have more than five stars brighter than M F814W = −2 and least one star brighter than M F814W = −3. A list of the clusters used is given in Appendix B (Table B.1) .
For comparison with theoretical models, we use four sets of isochrones: the new PARSEC isochrones (Bressan et al. 2012) and their predecessors, the (old) Padua isochrones 3 (Girardi et al. 2010; Marigo et al. 2008 , and references therein), the BaSTI isochrones 4 (Pietrinferni et al. 2006 (Pietrinferni et al. , 2004 and the Dartmouth isochrones 5 (Dotter et al. 2007 ).
Results

Color measurement
We use two indices to define the color of the RGB: C −3.0 = (F606W − F814W) M=−3.0 and C −3.5 = (F606W − F814W) M=−3.5 , i.e. the color of the RGB at an absolute F814W magnitude of -3.0 and -3.5, respectively (see Fig. A .1 for some typical CMDs). Equivalent indices for the Johnson-Cousins filter system were already used by Da Costa & Armandroff (1990), Lee et al. (1993) and also by Saviane et al. (2000) . These indices have the advantage of only depending on relatively bright stars and can therefore be measured in distant galaxies, as well. We use also a third index, the S-index, which is the slope of the RGB (Saviane et al. 2000; Hartwick 1968 ). This slope is measured between two points of the RGB, one at the level of the horizontal branch and the other two magnitudes brighter. While this index needs deeper data, and therefore its usage in extragalactic systems is limited, it has the advantage of being independent of extinction and distance errors. In order to provide a robust measurement of the color at a given magnitude we interpolated the RGB with a hyperbola of the form:
Such a function was already used by Saviane et al. (2000) to find a one-parameter representation of the RGB; they defined the parameters a, b, c, and d as a quadratic function of metallicity. Here, we are only interested in a good interpolation in sparse parts of the RGB and can therefore use a, b, c, and d as free parameters for each cluster. In order to reduce problems due to contamination, we define a region of probable RGB stars, which also excludes the horizontal branch/red clump part of the CMD. Note that we fit the curve directly to the color/magnitude points of the stars and not to the ridge line of the RGB (in contrast to Saviane et al. 2000) . More details of the fitting process and some example plots with the exclusion region are shown in the Appendix.
To calculate the S-index, we first determined the horizontal branch magnitude of each system by visual inspection of the associated CMDs. This was typically F606W≈0.40 mag, with a 1-sigma variation of 0.10 mag. We measured the color at this magnitude (and at 2 magnitudes brighter) from the fitted RGB used previously, and calculated the S-index as the slope between these points Carretta et al. (2010) . The text in the lower left corner gives the formula of the regression line and the scatter around this line. We used these for estimating the [α/Fe] and its uncertainty for clusters without individual alpha measurement.
Uncertainties
To determine the uncertainties of our color measurements, we performed a bootstrap analysis. The uncertainty in the fit is derived by fitting the RGB of 500 samples that are drawn randomly from the original data. Each re-sample has the same number of stars as the original sample, but may contain some stars multiple times while others are absent. We also incorporated in the bootstraps a shift due to the uncertainties in extinction and distance. According to Harris (2010) , the uncertainty in extinction is of the order 10% in E(B-V), but is at least 0.01 mag, while the uncertainty in distance modulus is 0.1 mag.
The uncertainty in distance is important because we measure the color at a given absolute magnitude. This is particularly significant for the metal-rich clusters where the color of the RGB is strongly dependent on magnitude, as opposed to metal-poor clusters where the RGB is nearly vertical on a CMD. The resulting uncertainty in C 
Color metallicity relation
Using the colors and metallicities described above, we can now look at the color-metallicity relations.
The results are shown in Fig. 2 . There is a clear relation between RGB color and spectroscopic metallicity. This relation can be parametrized with the function
Using the orthogonal distance regression (ODR) algorithm (Boggs et al. 1987 (Boggs et al. , 1992 6 , we determined the three parameters, that are shown in Table 1 . The ODR uses the uncertainties on both variables to determine the best fit. Hence, both the uncertainties in color and metallicity, as described above, are considered during the fit and their effects are included in the final uncertainties of the resulting fit parameters. The residual varinaces for both relations are σ 2 res < 1, so the adopted uncertainties can explain the observed scatter in the relations. Table 1 . Fit parameters of the color-metallicity relations. For C −3.5 and C −3.0 the relation is exponential:
0.95 ± 0.11 0.602 ± 0.069 0.920 ± 0.015 C −3.0 0.567 ± 0.056 0.75 ± 0.12 0.845 ± 0.018 S-index 3.67 ± 0.76 −9.3 ± 1.2 −2.08 ± 0.44
The S-index
The slope of the RGB as a function of metallicity can be seen in Fig. 3 . The reported uncertainties of the S-index are a combination of the uncertainties of the RGB fit (determined through a bootstrap analysis as described above) and the uncertainty in the determination of the HB level, which we set here to σ HBmag = 0.1 mag.
As expected, the slope of the RGB gets smaller with increasing metallicity, while at the low-metallicity end the RGB slope is insensitive to metallicity. We have fitted a quadratic function to the data, which is shown in Fig. 3 together with the associated best-fit parameters. The choice of a quadratic function for the fit proves to be appropriate as no trends are seen 6 We used the Python implementation of this algorithm that is part of the Scipy library: http://docs.scipy.org/doc/scipy/ reference/odr.html in the residuals. Moreover, the variance of the residuals is only σ 2 res = 1.17, i.e. the residuals are only slightly larger than expected from the individual measurement uncertainties. The maximum of the parabola is at [M/H]=-2.14, which is beyond the metallicity range of the observed clusters.
Discussion
Analyzing residuals
We examine the residuals to look for a possible second parameter that influences the color or slope of the RGB and could produce some scatter in a simple color-metallicity relation. Figures 4 and 5 show the residuals of the fit of the colormetallicity relation, that is shown in Fig. 2 , and Figures 6 and 7 the residuals of the fit to the slope metallicity relation, that is shown in Fig. 3 .
The residuals as a function of metallicity, [Fe/H] and [α/Fe], are shown in Fig. 4 and Fig. 6 . There is no trend with any of these parameters, neither in the color-nor slope-metallicity relations.
From theoretical studies, the age is known to have an effect on the color of the RGB. In fact, a weak trend of the residuals with age can be seen in Figure 5 (upper panel), with older clusters being slightly redder than younger clusters. The slope of the regression lines shown there is 1.94 ± 2.13 for C −3.5 and 3.00 ± 1.85 for C −3.0 , which makes the trend significant for the C −3.0 index. In order to quantify the effects of age on the CMD, we analyse the residuals in color space 7 in Figure 8 can transform the slopes of the regression lines in Figure 8 to actual color changes. These are 0.0062 ± 0.0041 mag/Gyr for C −3.5 and 0.0078±0.0026 mag/Gyr for C −3.0 . While this is a very small effect for the age range observed in our globular clusters (10 Gyr to 14 Gyr), it can make significant differences when extrapolated to younger populations; e.g. an 8 Gyr old population would be bluer than predicted by our relation by about 0.03 mag. Note also that the S index does not show any systematic trends with age.
To test for problems with the extinction values, we looked for trends with E(B-V) and galactic latitude ( Fig. 5 and Fig. 7 , middle and lower panel). We do not find any systematics here.
Comparison
We can compare our relations to those derived from stellar evolution models, and to relations from ground-based data transformed to the HST/ACS filter systems.
For comparison with theoretical relations, we use the isochrone set from the Padua, Dartmouth and BaSTI groups. For all isochrone sets we used ages of 8 Gyr, 10 Gyr and 13 Gyr. All these isochrone sets show a qualitatively similar behavior. The RGB gets redder (Fig. 9) and shallower ( Fig. 10) with increasing metallicity. A higher age also leads to a redder RGB, but this effect is relatively small. An age difference of 5 Gyr causes the same color difference as a metallicity difference of only 0.1 dex (see Fig. 9 , top row). At a given total metallicity [M/H], the α-abundance has almost no effect on the RGB color (Fig. 9, middle row) . This supports the assumption that the color of the RGB is mainly influenced by [M/H] and not [Fe/H] .
The increasing curvature of the RGB with increasing metallicity prevents the RGB of some metal rich clusters from reaching F814W= −3.5 mag, but bend down at fainter magnitudes. In In order to quantify the agreement between our relations and other relations, we have performed a Monte Carlo resampling of our relations by drawing random parameter sets a i from a multivariate Gaussian distribution with the mean and covariance matrix as given by the best fit. The 68.3%, 95.5%, and 99.7% confidence interval are shown as contours in Figures 2, 3 , 9, and 10.
As can be seen in Figures 9 and 10 , BaSTI isochrones show good agreement with our observational result. At most metallicities the α-enhanced BaSTI isochrone falls within the the 1σ confidence range of our observational relation; only for [M/H]>-0.4 are the isochrones significantly redder (> 3σ) and shallower than our relation. The Dartmouth isochrones agree well at very low metallicities, but tend to predict slightly redder colors and shallower slopes at intermediate and higher metallicities. In contrast, results from the Padua isochrones are bluer by almost 0.15 mag Fig. 9 . Comparison of color-metallicity relations with theoretical isochrones of different age (top row) and different α-enhancement (middle row) and transformed (V-I) relations (bottom row). Left panels compare the relations at F814W = −3.5, right panels at F814W = −3.0. The (V-I) relations are taken from Saviane et al. (2000, S+00) , Lee et al. (1993, L+93) and Da Costa & Armandroff (1990, DA90) . The S+00 relations are given on two metallicity scales: the ZW scale (Zinn & West 1984) and the CG scale (Carretta & Gratton 1997) . The gray contours show the 1σ, 2σ, and 3σ confidence levels of the fit. The two lines for the observational relations are due to differences between the observational and synthetic transformations from Sirianni et al. (2005) .
and much steeper at lower metallicities, and redder and shallower at the high metallicity end. Determining the reason for this offset is beyond the scope of this paper, but this problem has been known to lead to higher metallicity estimates, when Padua isochrones are used (Lejeune & Buser 1999) . Existing color-metallicity relations are given in the standard Johnson-Cousin filters. Thus to compare these with our analysis we use the transformations to the HST/ACS filter set described in Sirianni et al. (2005) . Two such transformations are provided, one observationally based and the other synthetic. The former uses observations of horizontal branch and RGB stars in the metal-poor ([Fe/H]=−2.15) globular cluster NGC 2419. This cluster does not contain stars with (V − I) > 1.3, hence the transformation at these redder colors are extrapolated and should be used with caution. The transformation is:
For the synthetic transformation, stellar models with (V − I) < 1.8 were used. Hence, for redder colors, the extrapolation should again be treated with caution. The transformation is given as:
We use both these transformations on the color-metallicity relations of Saviane et al. (2000) , who determined relations for the indices (V − I) −3.0 and (V − I) −3.5 , and for Da Costa & Armandroff (1990, for (V − I) −3.0 ) and Lee et al. (1993, Note that these two transformations have a relative offset of of about 0.05 mag, which can be seen in Fig. 9 as the two almost parallel lines in the lower panel.
9
From Fig. 9 it can be seen that these transformed relations are always bluer at the low metallicity end and have a steeper slope than our relations.
10
Part of this discrepancy can be explained by the different metallicity scales used for the various relations. While we use the metallicity scale of Carretta et al. (2009, ,C+09) , earlier relations were determined either in the Zinn & West scale (Zinn & West 1984, ZW84) or the Carretta & Gratton scale (Carretta & Gratton 1997, CG97) . The adopted C+09 scale is comparable to the ZW84 scale; however, the CG97 scale yields higher metallicities for [Fe/H] −1 and lower metallicities for [Fe/H] −1 (see 11). 9 The offset can already be seen in Sirianni et al. (2005, Fig. 21 ) as an offset in plot of (V-I) versus V-F606W.
10 Strictly speaking, we compare slightly different things here: The transformed relations measure the color at constant I-band magnitude, while in this work we have measured the color at constant F814W magnitude. We can ignore this difference here because the difference between I-band and F814W is small. According to the transformations given above, the differences between F814W and I are always smaller than 0.05 mag and the resulting error in the color measurement of the RGB is always smaller than 0.01 mag (except for the two reddest clusters, for which it can reach 0.06 mag). Therefore the effect on the total color-metallicity relation is negligible. Hence, using the CG97 scale will lead to a steeper colormetallicty relation than found from our measurements (see the bottom panel of Fig. 9 ).
Inverting the relation
The main purpose of the color metallicity relation is to estimate metallicities of old stellar population. The uncertainties arising from the inverted relation are highly nonlinear. In Fig. 12 we plot the difference between the spectroscopic metallicities and the metallicities derived with our relation. It is apparent that for bluer colors (i.e. lower metallicities) the difference can be very large. If the color is near the pole of the metallicity-color function, the formal uncertainties can be infinite. Then only an upper limit on the metallicity can be derived. For all clusters with C −3.5 < 1.2 (or C −3.0 < 1.0) the scatter in the metallicity differences is about 0.3 dex. We suggest using this as a minimum uncertainty for metallicities derived from our relation in that color range. For redder colors, the uncertainty drops in half.
Conclusions and summary
In this paper, we derived relations between the colors and the slope of the RGB and metallicity using data from globular clusters. The details of the relations are summarized in Table 1 . When using these relations for determining metallicities of old resolved stellar populations, the following points should be kept in mind: Therefore, inverting the relation in this regime introduces large uncertainties. This makes a photometric metallicity determination rather inaccurate in this metallicity range. -Our relation agrees well with the prediction from BaSTI isochrones. Dartmouth isochrones are slightly redder, Padua isochrones bluer than our data. Thus, for the purpose of determining metallicities of old populations we recommend the use of BaSTI isochrones. On the x-axis the C+09 scale, that is adopted in this paper, is shown. Blue crosses show the clusters from Carretta & Gratton (1997) , red crosses from Zinn & West (1984) . The plus symbols show the metallicities determined in Rutledge et al. (1997, RHS) based on the Ca triplet, calibrated to both scales.
-A comparison with other color-metallicity-relations from the literature, both empirical and theoretical, shows some scatter between these relations. Therefore a comparison of metallicities derived from different methods/relations will introduce systematic offsets. This should be kept in mind whenever the use of a homogenous method is not possible.
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as given in Saviane et al. (2000) . Since the data do not only contain RGB stars, but also the horizontal branch, blue stragglers and foreground stars, we have defined a region to guarantee a high fraction of RGB stars in our fit sample. The extent of this region can be seen as the red frame in Fig. A.1 . Note that this region excludes also the red clump.
In some clusters, there is a distinct asymptotic giant branch (AGB) visible, which lies on the blue side of the RGB (it is mostly seen at F814W magnitudes between -1 and -2). As in Saviane et al. (2000) , we have removed these AGB stars by excluding all detections that lie blue wards of a reference line with the same slope for all clusters (denoted in Figures A.1 through A.9 by a dashed red line). The horizontal position of the reference line was set to be 0.05 mag blue wards (at F814W=-0.5) of a first fit of all stars in the RGB region and then excluding. The fit including all stars is shown in the CMDs as black dashed line, while the final fit after the AGB removal is shown as black solid line.
For the actual fit we used the python package scipy.odr. This routine performs an orthogonal distance regression, i.e. it minimizes the orthogonal distance between the curve and the data points. The distance of each data point is weighted with its measurement uncertainty. This method is a variation of the typical χ 2 minimization, now generalized for data with uncertainties on both variables.
The ACSGCS team reports photometric uncertainties for each individual star, which are typically quite small; the median uncertainty in F814W is only 0.003 mag. This is much smaller than both the observed scatter in the RGB and the errors that are found in the artificial star test at a level of F814W≈ 0. (There are no artificial star tests at brighter magnitudes.) The mean measurement error estimated from the difference of the input and recovered magnitudes in the artificial star test are 0.06 mag in F814W and 0.03 mag in color. These estimated are added in quadrature to the reported uncertainties of each star. The smaller error in color is due to the fact that errors in both bands are correlated. Thus the uncertainty of the difference of both bands is smaller than the uncertainty in each band.
Finally, we visually inspected each CMD with its fit, to check for any residual problems of our clusters. After this inspection we excluded four more clusters from the sample: NGC 6838 and NGC 6441, because their RGB fits do not reach the M I = −3.5 level; NGC 6388 (and again NGC 6441), because their red clumps seem to be to faint (Bellini et al. 2013 , also found problems with differential reddening and multiple populations in these two clusters); and NGC 6715, because it has a clear and strong second RGB.
Appendix B: Properties of the Globular clusters
The properties of the globular clusters, from the literature and determined in this work, are summarized in Table B.1 and  Table B .2 respectively. Note, that all stars in the CMD are actually drawn with errorbars, but for many stars the reported errors are too small to be visible in these plots. Notes. Keys to columns: (1)-(6) name, right ascension, declination, visual distance modulus, color excess and metallicity from Harris (2010); (7-9) metallicity, its uncertainty and alpha enhancement from Carretta et al. (2010) ; (10) Notes. Keys to columns: (1) name; (2)-(3) RGB color at M I =-3.5 and its uncertainty; (4)-(5) RGB color at M I =-3.0 and its uncertainty; (6)- (7) S-index and its uncertainty (8) absolute magnitude of the horizontal branch used for the determination of the S-index. Note that we use V and I as shorthand for F606W and F814W respectively here.
